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. - ~TEC.ENICAL NOTE No'i 1432 . . 

By J. N;Good and Douglas '?zo&Yey 

A study was made of run-in and scuffed etetil, ohrome-plate, and 
cast-iron suzfaces. X-ray and electron diffraction techniquee, m$cro- 
hardness determinations, and microscopy were used. Burface changea 
varied and were found to include three claesee: cbamical re&ction, 
hardening, and cry6tnllite-size alteration. Tple principal chemSaa1 
reactlons were oxidatian and carbur.tzaflon tith the following; reactfon 
produote: 
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Ilnrdnf3ss of material6 examined verSed tit&'&e 
Tho crystallite sizes were in the order of TezzzP =z2:4~:; 10 . 
changed with condition of operation. 

I -. ,... . - ,:, . - . . :.. . .: . . . : . ..: ': 

The &angos thaeoccvr $4 rubbing metallio. surfaces halo been 
studied by many investigators in order to obtain a better u&erstand~ 
of the phenomena. of wear and wear resistance. (See the bi5llography. ) 
A study of the bibliography and the'referenoo reporta reveals Nat 
at least the folloa factor8 are of importance: 

' .: .- . . . . 
.... .-- . . l., .Po&s;tion of surface t&El ati.&&i0n pcoducts - '.' ,' 

a.-.. . . - . 
2. .Changea, in surf%ce k&axJn~se 8' . . . 

: . . : 
,., '.. 3. Cpanges in crysCallits*siec * . .* 

Sgme~reLation~~ are ostablieh~d .Sereib. among these factors and the 
'&tiome.n3 of run-in. and one -phgkse~ of we8r, Sc-Jf,pi~, by ~.&3~tification 
of'& examination ofaurfttce changes o'ccurr~-ci& tiith one of the well- 

. .Witi.Eiomxes of metallic we&r, +eclg~ocatin&slIding. The term "r.m-in" 
ie used in this report to desi@aafa the process through which.surfacee 
acqufre; by mutual.interaction'.durilng sliding co&a+, increased 
Cq&%ty ,tq 'C;amJ* 103d 3ILd. tQ $.tht3.@ I+r.. Th$a irlvotiti~stio~ 
ne&ecta the relat&on of:hydrodynar&c and boundery lubricatickto run-I& 
although a11 surfatiea~studded &re lubricated. 

Change? in the sur&qe c~pasFtion.and sur-fa~ cha.ract~=ristics ware 
studied under run-5.n -a& wear. condltfons for steel- (EVE 4140) rubbed 
aga2nat.cao-t Iron, ch-some-glated.met iro.t.rCbbed agafnst steel; and 
'bak~t iron rubbed &@inat cast iron; these 'combinations are etandard in 
3lrcr3ft en&nea . Use was made dn t$Ls inve6tigatlon of sgcclalizad 
techniques in X-ray and electron dif'freotion;'of chemical and metal- 
lograph+c.analyses, and of hardness measurements. 

t 

. S3ecirn.w of standard air-aft-engine cyLLn&er.-barrel and piston- 
ring material.combLnations used in,these exwninations were obtained from 
two, .so+t%es . Portions of used cylinder barrels and piston ringa.wpre 
directly examined, whereas portions of unused cylinder barrsls and 
piston rings were examined after rubbin@;.undor pressure in a recigrocat-- . 
ing slider machine. Surface changes on the s~eoimans were examined by 
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X-ray and eleotron dSffraction. Stqplementarg Jnformatio? waB 
obtained by chemical and microohemical analyads, eloctrographic 
&nalySiS, metallographic exam$n&tioL, and microhatiees determination. 

'* The %?ollowi~ materials were &veetigated: 

MatfSi31 Combin8tibll Sgecfmen Specimen 
examined BOWCQ 

SAE 43.4.0 &eel slider rubbed Slider Slider machine . 
again& cast-iron rider I " 

. . 
C&t-i& piston riws rubbed Cyl&ler Aircraft engi& 

again& SAX 41.40 steel " I 
I 

bay*rKl 
cylinder barrel 

SAlI 4140 etcel slider rubbed Bide; 
against chrome-plated . 
cast-irdn rider . 

Slider machine 

Cscst-iron slider rubbed Slider Slidor machL&' 
Pgatnst cast-lx-on rider *' 

Chrome-platod cast-Iron piston 
rlnga rubbed again& SAX 4140 
steel cylinder barrel ( 

Riw AQxraft engine - ' 

. 

This selocticrn of apcimena is representative of the materials used 
%n etandard aIrcraft enginen and should give reeulte representative 
of ru.nrjll and Bouff in those, engines. 

The slzder machine (fig. 1) reoiproogrted a s7:fder specFmen 
76 by 15 inches beneath a fixed and loaded rider 3.8 y 2 ' b "inche~~ 
The rider wae loaded by applied gas pressure, which was read from 
a dial. Mass temperatures of the rider end the slider were recorded 
with thermocouples. When the surfacea are lubricated, as in this: 
investigation, condltiona of both boundary and hydrodynemic lubri- 
cation are believed to 'exist, that of boundary at the enda of the 
stroke and that of hydrodynamic at the middle of the stroke.' The 
oil used ~3s Navy I.120 fed at a rate of I& cubiF centLmeters per _ 
hour. The recipocatin$ speed V~B 630 cyc?& per minute with .a 
stroke of 5$ inches. The procedure used for all specimens was as 
foll.ows: - 

b 1. The two mating surfaces were lapfied with silicon carbide 
lagping compound w$th resultant surface-roughness readings of 
approximately 40 to 60 microinches rms for the rider and below 
15 microinches rm~~ for the slider. 
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c 
2. The fluxfacee were kzleaned tith solvents. 

'3. The surfaces were mated by reciprocation under a constant 
load of 600 pounds per square inch ap?lie.d to-the rider for.15 minutes. 
Run-in began at this point. . . 1 : 

,... -. ._ . 
4. For scu_+fed. aycimens, the rider was loaded Fn increments of 

100 pounds per square inch every 5 minutes until scufffng occurred. 
'.-A polonged run-in procedure, qy~~is$.~ ofoperation at 2400 pounds 

per square inch for 2 howa foll.owed by 100 pounds per square inch and 
temperature-stabilization increments until scuffing occurred, was 

- used on one cast-iron surfado. Scuffing observed yL.sualJy, accompanied 
by ragid temperature rise, eerved as a criter$on of.eurfac;e failure. 
The maohine was stopped wlthin a few sec.onds af-r fajlure began, 
which was usually 2 to S hours after the start of the run. 

The.aircraft engines were operated'for& to 7 hour8 of run-in 
plus 15 to $00 hours of enckranoe~at anavede en&ne speed of 
2500 rpn! and an avera$e inaicated mean effective pressure of 250 pounds 
per square inch; _. . . . . . . 

All X-ray diffraction Tatterns were obtained with cobalt Ka 
radiation and with the s$ecimen'mounted in the"Manner ueecl tith the 
Debye-Scherrerpowder camera. A Sinch-diameter cykndrical camera 
was used with,an iron-oxide filter. Diffraction-line intensities 
tiere visually estimated. A mioropho.tbmeter.could be used only to 
reCoti.a-iron X-ray-line position, breadth,.-and intensity for 
crystallite-size determination. Positive identification of compounds 
was made only when a minimum of three of the strongest-lines was 
observed for each oompound associated with at least one surface 
condition out of a series of surface conditions obtafned for a given 
material, Calculations ofcrystallite size were made from line 
broadening a.ccording to tb+ procedure given in reference 1 on the 
assumptio6 that cryetallite-size effects alone were.oausing; line 
broadehi.ng. Fine copper powder-was ,used to~determine the standard line 
bread.tb . No estImatio.n of the fraction of this broadening caused by 
lattice distortion was made. (Lattice distortion may have caused 
a great par% of the'broadening but no proved way exists to measure 
relative effects of lattice distortl.on and crystallite size.) 
in a group of lines composed of diffraction patterns of several 

If, 

oompounds, one j?attem obviously predominated ~JI intensity, that 
oompound was believed to be aresent in greater amount-s than any of 
the others. 

. : .! 

- 

. 
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1 Electron diffraction examination of subsurface redone in the 
used engine specimens wasmade ‘after each of five successive abrasions 
of the metal on 00 ornery paper' uridor >ure benzene. The depth of an 
abrasion was measured with a vernier micrometer. Estimatts of the 
depth of surface changes were made.by microscopic measurements on. 
cross' and tager section%. Control specimens cut from the base strut- 
turo of the engine cylinders were similarly treated and axamined for 
evidence of any oxidation that might have beon produced by abrasion. 

l'hrdnees measurements wetie made with either Xnoog or -Vickers 
indenters, dependiq> upon the.oondition of ths'surface being investi- 
-ted. The quantitative unit,% thus.obtained. we;"8 checked-qualitatively 
with a Bierbaum-scratch (Microcharacter) hardness tester. TM0 
ecratch indentation is 188% affected by metallic strata underlying the 
surface than the other indenters, but it is more sensitive to surface 
Irregularities. 

Chemical and microchemical~analyees were made on -natural and 
metalloera?hio surfaces by me- pf solution, electrographlo, and 
elactrolflic etchee. X%tallographic examinstions were made on normal 
or.on tapered and p~~ting~reinfor~ed &rose section%: 

. 2 

REamTS AND DISCUSSION 

Steel Surfaces 

With the slider-rider combination of SAE 43.40 ateel and cast 
iron,-several conditions occurred successively in strip%, or zones, I 
on the steel slider (fig. 2). The production of more than one surfade 
conditicn on one specimen was due to slightly imperfect mating of rider 
and slider. '.The manner iu which eurface' chsnges ?roGresssd represents 
VW?iCXlfl steps in inoreased loading until failure. Identification of - 
the surface condition8 is as follows: A represents the original . 
unworn (uxmn) aurfaoe; B re>reeent% a worn but wecuffed surfaoe; 
and C re?;resents a surface that appear& to have enteredan initial 
condition of scuff rather early in the eqeriment but to have almost 
immediately.recovered. Close observation durizq the run revealed a 
momentary darkening in color and then a change to dark gray. .Th% 
permanently scuffed surface that developed in several stages, which 
succeeded each other within a few sewnde, is represented by D. 
The first et&e cf formation was indicated by the nomentarg appearance 
of a dark-broian or reddish-brown surface color, which chanaed to 
black. The Ghan&e in CO&X WELS Etccom>aied by the appearance in the 
recovered oil of a sediment whose maJor constituent was analyzed as 
alpha ferric oxide a-Fez% by X-ray diffraction methods. 



6 .NACA TN No. 1432 

The appearance of brigh+spots.and heavy flcufpmarke on the surface 
accompanied by a shaq. Increaee.ti temperature.indI.cated permanent 
scuff. It appears that becauee of,the Initial Imperfect mat- a 
shifting of load took place, whioh led to variations and~irregularities 
in locgLload cbncentrationa . Surface B may be coneiderod to have 
carried a large portion of the load during the matirq procedure and 
therefore to have been able to eupport the load a8 it wna Increased. 
As the load wae increased, surfaoe C suddenly appeared. ThIa 
appearance occuz~red as a.re.ault., poesibly,.of s1Qh-t mrg&q as the 
temperature rose and because surface C. may 'have been insufficiently 
mated at the time the load Inoreaeed. As the load was furtker Increaeed, 
etrip D app8ared, soeaibly beoauae of a combination of-?&+r load 
and further warpfng until. the eurface scuffed rapidly with so much 
progressive damage that the, scuf'f became ext8n~Ive and permanent. 

Identification of alpha iron, a-Fe, ferroeoferric (ferrosio) 
oxide; Fe304, - and iron.caPlbide, Fe3C, in thee8 8urfaces was mad8 
by X-ray diffract&on. (See fig.. 3.) (Wh8never Fe304 Is mentioned' 
herein, the possibility that it &ould also be y-Fe203 should be 
considered, becauee the two Acre indistinguishable by ‘usual dIffrac- 
tion methods.) On all four surfaces (A, B, C, and D), Fe304 was 
considered present and gave an apparent- maxJmum dIffractIon Intensity 
for BcuPf-recovered and a decreased int-ensity for ecuffod conditions 
as jud.ged from the number of lines and from the changes In visual 
intensity. The Identification of Fe203 on surfao8a B, C, and D 
W&EI questionab18. Iron carbide was identified on the'souffed aur- 
fao8 D and questionably identified on scuff-recovered surEace C. 
The Intenaktiee were greater for the ecuffed-than the scuff-tiecovered 
aurfaco. No Fe3C was FdentIfled on the unscuffsd surfaces. 

The results of the determination of cryatalite size8 are presented 
In figure'4 and the X-ray patt8rns ~hoting the difference8 ar8 shown 
in figure 5, The hard&se of the four surfacfl conditions is also 
ahown In figure 4; DIJSI~ULTI hardness existed on the scuff-recovgred 
8urft3Ce. 

Electron tiffraction examination of specimens cut from an unacuffed 
SAE 4140 steel cylinder operated more than 10Q hours.wIth cast-Iron 

I rkngs and thoroughly cleaned with solvents on the outermolst surface 
firet produced the two diffuse haloe characterietfo of ths Beilby layer 
ar$ the diffraction pattern of gra@ite (fig. 3). LIgbt abraeion 
tith OO..emery, In successive steps under benzene, exyoeed metal that 
gave the diffraotfon patterri~.of a-Fe, Fe30q;aad Fe203. Oxides were 
th& detectable to depths estimated near a.001 Inoh. OxIdatlon during \ 
th8 abraaioa was proved neglfgible by the same treatment of control . 
epeclmens. 
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This oxidation is shown in more detail in figure 6 and is labeled 
depth of oxygen penetration. Oxides existed beneath the SurfaGe of 
the metal everywher8 the cylinder had b88n rubbed. The top l/8 inch 
of the barrel was subjected to condition8 within the combustion 
chamber but to no rubbing during engine operation because it wae above 
the regton Of pieton contact. In'that top area the.oxide exIsted 
only a8 a tenacious blue surface film under a oarbon dewsit. 
Variation in surface hardnees i8 plotted.on the 8ame ab8cissa a8 the 
oxygen data In figure 6. These data were taken at five'repreaenta- 
tive points along the barrel length. 

. 
Chrome Surface8 

The chrome-plated cast-iron rider that was reciprocated against 
the steel slider contained only three di8tinguishable surfac8'oondi- 
tione at the end Of the run; namely, worn unacuffed, burniebed, and 
normal Scuff. Unrun-surface analyses were obtained from another 
rider. 

The chrcane pattern predominates in all the surface X-ray dif- 
fraction pattern&. DIffraction examination showed no praeencs of 
any chrtiic oxide, Cr203, on the unstuffed surface although this 
surface wa8 ekpected to contain at least, a f3mall amount of thi,s 
oxide , possibly In the emorphous condition. The compounds Cr203 
and chromium cerbide, Cr3C2, were easily Identified on the bur- 
nished and ecuffed surf@Cee. &-LX.-ray diffraction pattern contain- 
ing evidence for the88 ccxumde .on the ecuffed surface Is ehown in 
figure 7-. A number of diffraction line8 that &and alone ed belong 
to none af the'previoualy mentioned Compound8 may be part8 Of .the 
diffraction patterns of Fe2O3, Fe3Q, "&8 ChrOmiUm nitrides, CrZN - 
and CrN, the chromium caYbides, Ur23C6, Cr7U3> and also Fe3C 
(On the Scuffed SWfaCe8). No completely reliable quantitative 
trends could be found because of some difficulty in rating diffrac- 
tion intensitiee, but the intensI.tIes of Cr2O3 and Cr3C+ appear 
to be greater on the scuffed than on the burnished portion. Under 
the micY?oscope; patches of loose-appearing material with the'color 
and texture of red and black iron oxidea and giving dissolution 
reaCtiOnS for irOn were observed in the SLEface depressiona, aspar- 
ently as left after pickup from the mating eteel elider. 

The variations in hardness among the different surface condi,- 
tions are graphioally illustrated in figure 8. CX'ySttilit8-SiZ8 
determination showed no large differences, A deCr8a68 in cry&al- 
lite siie was exgected approaching ectif and such a trend was 
indicated, but the dirferenees were within experimental error, Th8 
efzes were of the order of 14 x MB7 centimetem. 
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P Electrdn-d%ffractfon examin&ti;lons of ~8dUffed chrome-plated rings 
taken from steel &ircr&ft-engine cylinders producad'no'upable patterns. 
Only bighbackgroti'w&s observed. Under the micrp8co~~, the eurf'aces 
h&d the &ppe&r&nce of Raving a kigh polfsb. .X-ray diffraction of these 
surfacea. al80 showed oonsider&ble diffuse sc&$bxL" tOgeth9r titb VOW 
diffuse gbnd fsint lines WhOSe &ppmxWte jq&~krrg~ war? tho.se of Cr203. 
Electrogr&phic s..n&lyses identff?Led chrome and ‘iron, &nd a aarias of 
reaotions by netallographic reagentsstrongly indicated the presence 
of tlie compoUna Cr203 l FoO. 

Caet-Iron SGfacea 

Two c&st-iron slider specimens were examined that had been auh- 
j-ted respectively to a normal Etnd to a prolcnged run-in procedure. 
The prolonged run-in increaeed Lo&d-c&rry,irq cnpaoity. .I?fgure 7 
lista an X-r'ay diffr&ction pattern from an unrun surface showing the 
presence of G-Fe Etnd one we&k ring (inter;ll&n&r sqaclng, 4.5 A) that 
coincides with the strongest Line of the gr3phite pattern. A number 
of weak Lines tand. one strong Line coincide tith all the atr?ng line8 
of Fe3C, and eeveral unidentified lines also show. On all the 8ur- 
faoes, a-Fe ti observed. The presence of gr&Rhite was more corn-- 
pletely indicated on the worn end scuffed surfac,es. Hardness values * 
showed decrease as scuff condition w&s approached (fig. 0) &nc!l 
crystallite sizes.increaeed. 

No examin&ions were m&de of used unplated cast-iron piston 
ring8; the infptiation presented in refer&noes 2 and 3 is considered 
sufficient for oomR&rieon. These references disouss the deteotion 
of the presence of graphite apd ox&de8 on qmfgcos th&iu.were in MAdin& . 
contac-t 'during eri@iine bper&tion. . 

. ' Correktion of Results, . . 
In genor&l, the resultsmay be divided into three olsssee: 

chemical re&ctlon,.m&teri&l hardening, and slteratfon of crystnllito " 
size. The ahemMa and.physiaaL ob&ngea identified on eurfaces from 
the reciprocating slider were supsrfioial comp&red titb the oban5ea 
wrought on surface8 during engine teets. 
were 3a follows: 

The, depths of the cb&ngos 

. 

. 
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Specimen t Depth of t;b@ge :. 
I . ' (in.) -.-v-i- --- .- 

.+- 

---_I. 
Reci~rooatlngslider " 1 x 10-5 to. 1 x lo-4 ._-. L--. - _-__ .._-__.-.- --e-w- 

1 x 10~4to~a1 x 10 -3 Aircraft-eng+e-cylinder 
eegntent t . 

!-..----- -_ 
%xcept that 1 x 10e4 in. may be maximum'for 

dmome glat?. , . 

On all.specimeti~ ex3mined, 3 certain amount of metallic smear 3rd 
crystal bending wae observed on or Just under the' eurfa,ce. 

The compounds present on engine-cylinder-barrel surfaces were 
present also on the slider at&faces of the 63me material. .The only 
differences in the findings were that the varOous chemical compounds 
&nd ph~es wore more.~easi,ly identified oh the 8lider. s'pfto~mens,~?the 
the cylinderGharre1 surfaces definitely showed carbon and tha:DgCby 
layer; The diffr3ation patterns from the.surfaoe tiferial.on engine 
specimens ofton tended to be diffuso. 

The strengt'n of the Feg& d$ffraction pttorn from the scuff- 
recovered steel and the strong evidenoe of the Fe$ from the acuffed 
steel indicstsd that Fe304 c&n be'aaso&atod with'8ouff resist;ance 
&nd that Fo3C o3n bo 3saociatedMth 'scuff. Cautdon should be used, 
however, in b&sing such 3 comparison on ths evfdence in thSs.iavesti- 
gistion alone. Evidence for the association of different oxides tith 
different surface conditions may be found in references 4 and 5. 
A.speciallq prepared Fe+4 surface ~-3s found to.have exco&lent, 
properties partly, at least, because it allowed rspid surface-profile - 
break-in without aubaoquent high vear or souffing. This otide w&s 
desil=ble.for an extremely fine 3nd grenular.structure firmly rooted 

_ to the .base 'm3tsrial. Tt was not,too ten3oious to resist abrasion 
and broke down into 3 very fine polishing medium durfng rubbing 
(reference 4) . Whenever iLn the preparation of the oxide eurface the 
red Pe203 formed, -unfavorrtble results were obtained. The red oxide 
wq3 soft 3nd nonadberent (reference 5). 

The reason for this difference in surface-rubbing characteristics 
of these two oxided is not exac,tly known. Either oxide may form on 
3 g,ive.U sudace depending upon temperature an@ pe88tU?e relations. 
The number of Fe504 nuclei ,dcveloped in unit volume,in unit time is 
relatively large 3nd the velocity of cry8t3llizstion is small and 
this Oxide may 3ccur 88 an impalpable powder. The red Fe205, however, 
1s alwsys cryst3Zline (reference 6, pp. 740, 741, 776). 
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The on&q apeoimens-repreaonted run-in and wear conditio-ns ontircly 
diffarent from tliose imposed on slider smfacee. ifixed hotgasee, 
flame, impact loading of ~xrtions of the cylinder aurfsoo, andAigh slid- 
ing speeds were c~~idorab3.y.different from'the room atmomhcre,. idm7lo 
frictional heat, slow.speed, end St8Etdy loadbIg of -t&o %!akm. Y%t 
both tlx~e~~@ne and ollder surfaces exhibited the aame kinda of change. 
Ths long period of operation of the engine, howover, affected the dogth 
to which oxygen penetrated, 

The-oocurrenoe of oXid&ion in degth only In regions of surface 
rubbing suggc,st 3 the occurrence of minute or microsoopio .vofdB as 
faulte (or cracka) trithin the atomis structure or as Futorgranular 
vcriae . (See refererLcea 7 to 10.) The density of &n uncaat met81 
during working decragseB (reforlsncos L 1 and 12), possibly aa a result 
of the pro?agation of otruct~l faults or.the formation cf internal 
vo$is . Such a decrease Ghou?.d favor penetration end diffusion of other 
elements, particularlygaseoua 0-g fnto the metal. Such relatively 
deep oxygen penetration is leus in a.grc&msnt with the usual concentration 
formula, which limita the tbickao~& of an ox$de film, than with an 
.aotivity-gradient formuJa (refeSnce 13). 

The wear pofile of engine cylinders ehowed a degreesion, or hJgheet 
W8&-, at the top of coqrcsaion-ring travel.. Tn-th.ie roeon of high 
wear where less oxygen. penetration rseemed to,have occurred, the surf%ce 
had been worn sway almost.as fast 38 the genetrut$on prograeHcd. 
Farther down the l.ength of the cylinder barrel the rata of oxygen 
penetration seemed to escood the rate of wear. As 8 reeultj oxides 
formed tithin a rclat~vsly pliable matrix of ~toel and pos&bly gave 
r!.se to a desirable surface, combining pliability with decreaaod 
abrasion, which was continua1l.y renewed under tllb slow abrasion of 
operating wear. . 

Breakdown of‘lubricen+undor excessivs-conditione may account for 
an amount of carbon auffic%nt for formation of the carbides. The for- 
mation of 8 carbide-rich pbaso and the incrcsscd surface hardness on 
bountiry-lubricated steel against cast iron ie indicated in raference 14. 

The crystallite eiee and the hardness of the wearing surfaces are 
psaibily aa important aa the chomfcal reaotions. The relatione botwoen 
crystallite size +nd.hardneea for steel, chrome, and cast iron vary ae 
shown in fwIIr6a 4 and 9 and ore somewhtat cojqlex. %'he aveimgo hard- 
ness of the SAE 4140 steel for the @cuffed and scuff-rocovcred aurfacoe , 
w&a greater than 'the averegehardnea8 of the unstuffed surfaces, and by 
eimilar comparison the crystallite size w&s em&i&L In~conjunctlon 
with these.factgthe formation of the iron oxide% .and carbide on the 

. scuff.ed surfaces 1% nom. If the c-e in~hardnetse is to be attributed 
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to. one of the other ohangesi it O&IS to follow chemical &action best. 
3.2-1~ occurrence of ~s304 Ln its, greatest quantity coincided tith the 

_. great&d hardresa' on the scuff-recovered eurfaoo, and a drop ti 
hardnass on the scuffed surface cortncided wfth an Indicated.reduction 
in the amount of FogOg. This concept of 8 @neTal r8latfon of hardness 

. to bhemioel reaction m8y or may not be weakened, how&er, by the 
oocurrenoe of,Fe$ with the lower hardness of the permanentiy acuffed 
surface. . . . - 

The hardnese of the chrome surf8co increased markedly far the 
burnished surface condition and corresponded with the formation of 
Cr2O3 and Cr3C2. The cast iron softened throughout the runs 8nd the 
crystsilito size Ucreclsed. The end result at sctif was 8pproXimately 
the %&me for normal and for prolonged run-in. The prolonged-run-in 
surface, having the higher load at fai.lws~ showed slightly lee% 

. mftening than. the normal-run-in surface. The more pronounced, -.. 
. c,rystallite-size increass for the worn-unstuffed surface undqr prolonged 

. . . . . rqx-in.seems incom~38tib~c with increased resiskance to flzflure. 
..-. Cb-PmToal cbawes may account for the reversed trend for this materfal 

. ..- with. respect to.the over-.afl trond.a%sociatod with the other materials, 
although such chang~a were undetectable jn this case, Relatively, 

s an opposi:tu trend is indicated~for'any one of these materials when the 
'change in harduese is com;?ared with change in crystallite size between 

. . ._.. unscul?fed and scuff.ed surface conditions. 
- 

The fOllOWi.IYg Ob%eIV&tiOnS were made 8s a rSSUlt Of eXaLUiIBtiOn% 
of metallic %urf.ace% that had undergone rubbing under conditions of 
partly boundary and partly hydrodynamic Lubrication; the-change% found 
on steal, chrome, and cast iron v&ried.with the run-in and scuffed 
8LLrf8C88. . _ 

The prixcipal chemi& reactions were'~oxidation and carburlz8fion 
wit'?~ the following reaction products: 

.. . 

. : ._ 
. 
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Spoci?nen 
. . -  ._I.  I .  _ . ”  . - -  . - -  

SAE 4&40 s-Lee1 
reciprocating 
f3lSdor 

--_- -- 
SAE 4140 steel 

aircraft-engine 
cgl.inder barrol 

Surface 
cond1t~u.n 

ul-#xil 
Worn unsouffed]'" 
Souff recqvs+d 
SCLlf.f& 

vorn UnQouffed 
(Sgg$iclal 

(Leas thari 
0.001 ?Ji. 
below knl+co 
face) 

.--.--- 
Chrome-plated Worn unecuffed 

cast-iron rider BurniBhed 
Scu+d 

Cast-f.ron = 
roci-pxcating ' 
slider -._l.--^._.-._C_ 

1 

a-Fe 
cGF6 

.'L%.nas beat fi.t Pattern of mateqI.al. Ileted. 

I 
+torial idonti- IQuefltionsble 
fled on surfaGe (+ntificatio&~ 

@-Fe 

.. 

Fe304 
&Fe - FegOg, Fe203 
o;Fa,.Fe304 

1 

Fe3C, FQ203 
u,Fe, FesC, Fe304 Fo203 
-------m r- ---- 

C'(gmph%te), MIxed oxides 
.3eilby layer 

a-Fe, $e304, Fk32&+ -w----y--------- 

j 

c (-phi%) 
c (graphite) 

. 

...- 1 .-. 

Eardnea8 of materials oxamj.nod variedwith degree of suHece condition. 
The cryetallitc aims were in the order of 10c7 centemetars. The aims 
ch&god with condition of operavan. -. 
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General view Detal I of rider- 
I oadi ng mechani sm 

Schematic drawing 
of el ements 

Typ 1 cal specimens: 
rider and slider 

Figure I. - keciprocating slider machine. 
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Figure 2. - Ru-n- in and scuffed SAE 4140 steel sl i der and cast-i ron rider 
showing types of surface on sl ider. 
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Scuff-rscovsred SAE 4140 steel slider 
specimen IX-my dlffmctIon1 

0: -Fe, body-centere6cubic SttUCtUm 
[standard pattern') 

Feg04,splnel-type structure 

Istandard pattem' I 

Fe3C, ortbarhombic structure 

(standard pattsm'l 

u-Fes3, hexagonal structure 

(standard pattsm'l 

Well run-In SAE 4140 steal aircraft- 
rnglne cylinder-barrsl surface 
relsctmn diffraction1 

C (graphiteI, hexagonal structure 

(standard pattern'1 

Bellby Inyer on same barrrl surface 
lelectmn dlffractlonl 

'Taken from A.S.T.M. card Index 
for x-my diffraction. 

+akm fron rsfsrencs 15. 3 2 1.3 1.0 .9 

Interplanar distance, A 

Figure 3. - Typlcal electmn and X-ray diffraction patterns from surfaces of specimens of ME 4140 n 
Steel Slider and aircraft-engine cyl lnder barrel and stmdati X-ray dlffraction petterns of mate+ 5 
als Identified. w 
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e r 
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Unworn Worn Scuff 

unacuffed recovered 
Permknsntly 

scuffed 

Flgure 4. - Relation between surface changes and surface condition of 
SAE 4140 steel slider specimens. 
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Surface A, 
unworn 

Surface B, 
wo rn 
unstuffed 

Su rface C, 
scuff 
recovered 

Surface 0, 
permanently 
scuffed 

Figure 5. - x-ray 

NACA 
c I9 137 
7.10-47 

diffraction patterns from SAE 4140 steel sl ider sp ret- 
fmen showing change in crystal I fte size from surfaces A to 0. 
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Varlatlon In depth of oxygen penetrstlon along length of cnlnder bawel 

apth of 
measWement 

0 Surface 
0 0.003 in. 

belov surface 
0 Base mete.1 

Variation In surface hardness along length or cylinder barrel 

*.,/-~~,-\_,--4- 

Pletan at top canter Platen at bottom canter 

Area Locatron or area on cylinder Piston ppsltlon Surface condition 
number wall wlth reference tb piston 

1 Above piston travel m-_-----qmm-- 4hln oxide rllm, no wear 

t 

Dpposlta top land Top center Light plttlng 
opposite compresrlon rings Top canter Reavier plttlng and *cm 
Opposite skirt Top center Llght plttlng 

Ihl h 

tr B 

sliding speeds) 
Oppos te compression rlngs Bottom center Lor wear 
Opposite skirt Ebttom center Very low wear * 

Figure 6. - Relations among surface condltlon, material hardness, and depth of oxygen penetration 
found on worn - unstuffed SAE 4140 steal aircraft-engine cylinder barrel. 
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Scuffed chraw-plated cast-Iron rider 
speclmsn IX-ray diffractIon 

Unmm caeGIron rider qeclnen Iprey 
diffraction) 

a -Cr, body-centered-cubic structure 

(standard pattemlt 

a -Fe, body-centered-cubic structure 
Istandard pettem'J 

Cr203, hexagonal structure 

(standard pattemll 

Cr3C2, orthorhanblc etructure 

Istandard pattern'1 

Fe$, orthorhomblc structure 

lstrndard paHem*) 

C Igraphite), hexagonal structure ' 
IetMdard petteml) 

ITaken ftm A.S.T.M. card index 
for X-ray dlffraction. 

*Taken fmn reference IS. 

IY I II, ,.I ,I. I. 1,111 

I II 1 I II 

II IIJ I I II I 

3 2 I.5 1.0 .9 .8 

Intarplener dlstance,A 

Flgure 7. - ~~lcal electron and X-ray diffraction patte.rns from specimens of chrome-plated cast-lmn 
and Cast-iron riders and standard X-ray dlffraction patterns of materials Identlfled. 
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800 
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Worn 
unacuffed 

Bwnishe& Permanently 
sauffed 

Figure 8. - Relation between hardness and surface condition of chmme- . 
plated cast-iron rider specimen. 

Run-in proaednre 
m IrorDlal 

Unworn Worn unstuffed 
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Figure 9. - Relation between Surface changes and surtace condition of 
cast-i ron si lder specimens. 


